A method to measure thermal diffusivity around a single heated gold nanoparticle is presented. It is based on photothermal single particle microscopy and employs the phase delay of temperature modulation due to finite thermal diffusivity. The phase delay is detected optically averaging over the focal volume of a diffraction limited beam of light. Thermal diffusivity is extracted by comparison to electromagnetic scattering calculations of the photothermal signal. Measurements in the solid (polymer) and liquid (water) are presented and compare well with literature data. The method paves the way for extended measurements of non-diffusive and heterogeneous heat transport in complex media.
Introduction
The understanding of thermal transport processes has greatly benefitted from numerous methods that measure heat transfer close to surfaces or of macroscopic samples. The general principle behind these measurements is that thermal perturbation is induced and then monitored. The temporal evolution of this thermal perturbation is a reporter for thermal diffusivity. There are many different methods that implement this principle. Using the 3o method a metallic wire acts as a heating and temperature probe at the same time. 1 Other methods apply a delta-like heating by a pulsed laser to an absorbing surface [2] [3] [4] or particles 5, 6 and then measure transient reflectance or absorption that is related to temperatures using a delayed probe laser pulse. Scanning thermal microscopy 7 probes temperatures directly and measures thermal conductivities at high spatial resolution, but requires physical contact with the probe. Recently, surface plasmon resonance shifts of single gold nanoparticles have been used to quantify the average thermal conductivity at an interface. 8 Macroscopic thermal lensing can be utilized to measure thermal diffusivities in solids, 9 liquids and colloidal suspensions. 10 In this paper, we demonstrate the capabilities of quantitative single particle photothermal (PT) microscopy [11] [12] [13] to assess thermal diffusivities locally within a medium using a far-field optical readout. This is not possible with most other methods apart from transient absorption, 5, 6 which employs picosecond pulsed lasers and thermal lensing microscopy. 9 Thermal diffusivity measurements using PT microscopy will enable the study of thermal transport in samples where gold nanoparticles are already used as tracers 14 or for local temperature manipulations.
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PT microscopy is a versatile method to study absorbing particles. This technique enables absorption measurements of single nanoparticles and single molecules, 16 imaging 14,17 as well as correlation spectroscopy, i.e. to investigate dynamics in solution. 18, 19 The PT contrast originates from optically excited objects that dissipate their thermal energy into the surrounding medium as heat. Around these nano-sources of heat a temperature profile is created that brings about a refractive index change due to thermal expansion. As the photothermally induced transmission change is small as compared to the overall transmission a lock-in detection scheme is put forward in which the heating laser is harmonically modulated. 20 The refractive index change is detected by a continuous wave laser in transmission demodulated by a lock-in amplifier. The amplitude of the PT signal has been shown to depend on the modulation frequency of optical heating 9, [20] [21] [22] [23] due to the finite thermal diffusivity. Therefore, the frequency dependence of the photothermal signal contains information on the thermal transport property of the medium surrounding the nanoparticle. This feature can be used to selectively detect absorption using just a single laser beam. 23 To extract thermal diffusivity from the frequency dependence of the PT signal it has to be modelled quantitatively. Attempts have been made but have given unrealistic thermal diffusivities due to a simplified model 24 or the neglect of aberrations. 23 To make PT microscopy a quantitative method for the measurement of thermal diffusivities the PT signal is calculated for different modulation frequencies. The modelling starts with the calculation of the thermal transport around the harmonically heated gold nanoparticle leading to a refractive index profile. Afterwards the transmission signal of the detection laser as measured by a photodiode is determined.
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Numerical calculations
The gold nanoparticle is excited at its plasmon resonance and dissipates the excitation energy as heat into its surrounding medium which increases the temperature locally. An analytical solution for the thermal transport of a harmonically heated sphere has recently been derived. 25 It includes the heat capacity of the nanoparticle as well as interfacial thermal resistances. However, in our experiments the mentioned contributions are negligibly small. Only at modulation frequencies f larger than 10 MHz the heat capacity of the nanoparticle starts to show an effect on the temperature profiles. To see an effect on the interfacial thermal resistance modulation frequencies of more than 100 MHz have to be used. For those reasons the time dependent temperature profile DT(r,t) was derived in an appropriate limit based on the theory of Berto et al. 25 retaining the finite particle size only
Herein, DT is the temperature elevation in the steady state at the nanoparticle's surface, R its radius, R th ¼ ffiffiffiffiffiffiffiffiffiffi a=pf p the thermal diffusion length and a being the thermal diffusivity of the medium which is the quotient of thermal conductivity divided by the volumetric heat capacity. The thermal diffusion length characterizes how far thermal energy is transported during one modulation cycle. The term N is a small correction to the amplitude of temperature modulation and c(r) its phase delay in a certain distance r from the centre of the nanoparticle. Eqn (3) is slightly more accurate for finite R as compared to the temperature profile of a point source 26 typically used in this context and does not contain any additional material parameters. The temperature profiles differ significantly from a purely one over distance dependence (see Fig. 1C ). The temperature elevation alters the refractive index locally as
The thermorefractive coefficient @n @T quantifies the refractive index change with temperature. At an instance the gold nanoparticle is surrounded by a radially symmetric refractive index profile that is modulated in time being induced by the harmonically modulated heating laser. The situation is sketched in Fig. 1A . The PT signal depends on the exact shape of the non-absorbed detection laser beam as it averages over different c(r). The two laser beams are co-aligned using their scatter images and focussed by an oil-immersed objective (NA = 1.4). Their transmission is collected by a dry objective (NA = 0.8).
The peak intensity of both laser beams have no displacement in any spatial dimension. The aberrations caused by the high NA objectives significantly alter the intensity distributions, which needs to be taken into account when modelling the photothermal signal.
The transmission signal of the non-absorbed laser beam as detected by a photodiode is computed utilizing a generalized Lorenz-Mie framework 11, 27 for the gold nanoparticle and the time-dependent temperature profile calculated using eqn (3). This step is repeated for different positions of laser foci with respect to the nanoparticle and times during the heating cycle.
The results of such a calculation is displayed in Fig. 1B . The image shows the variation of the transmission signal due to the modulated heating power and the nanoparticle at each position z along the optical axis. The nanoparticle is positioned at z = 0. A dispersive lensing signature is found when moving the particle along the optical axis. This signal is on top of the transmission signal of the nanoparticle without the refractive index profile. 27 For particles smaller than 3 nm in radius this contribution disappears and a pure dispersive signal due to the refractive index profile is observed. More importantly the plot in Fig. 1B is not symmetric with respect to the horizontal line. This is due to the fact that if the optical heating of the nanoparticle is turned off the thermal energy is not instantaneously dissipated into the surrounding medium. This results in a phase delay f of the detected signal with respect to the optical heating. Fig. 1D shows the time dependent transmission signal when the detection laser focus and the nanoparticle are displaced by z = À320 nm which also corresponds to the solid vertical line in Fig. 1B and to about one Rayleigh range. Here the transmission signal due to the nanoparticle is extremal. Phase delay f and amplitude F of the PT signal for each position z in Fig. 1B are determined by calculating the fundamental Fourier components of transmission profiles as in Fig. 1D .
Experiments
We record the PT signal for single gold nanoparticles in a polymer matrix (polydimethylsiloxan -PDMS; SYLGARD 184 from Dow Corning). Heating and detection laser are co-aligned and focussed onto single gold nanoparticles (Nanopartz, R = 5 nm). The detection power was adjusted to P d = 1.9 mW at the wavelength l d = 635 nm and the heating power to P h = 0.9 mW at l h = 532 nm. The transmission signal of the detection laser is recorded using a photodiode. The modulated transmission signal is analyzed using a lock-in amplifier resulting in two different components one being in-phase F cos and the other one being out-of-phase F sin with the modulated optical heating. The latter two correspond to the fundamental Fourier components mentioned in a paragraph before. Further details on the experimental implementation have previously been reported in ref. 11 . The signal to noise ratio of the PT signal is around 40 for accumulation times of 20 ms. The relations
are used to calculate the amplitude of the photothermal signal F and its phase delay f with respect to the heating F and f marked in Fig. 1D . In this study the amplitude of the photothermal signal is normalized to the maximal observed amplitude at f = 10 kHz.
Measurement in the solid
Measurement results for the normalized amplitude of 62 different R = 5 nm sized gold nanoparticles in PDMS are shown in Fig. 2A . Each data point is averaged over 0.8 s giving a SNR of approximately 10 4 . The measurements were performed twice on every nanoparticle at modulation frequencies f between 10 kHz and 2 MHz. The amplitude of the PT signal saturates for low f and decreases with increasing frequencies (see Fig. 2A ). This behaviour is observed for all particles. The recorded signal amplitudes vary significantly from particle to particle (see Fig. 2C ), which can be explained by the proportionality of F to the particle's volume. From the standard deviation of the normalized amplitude being 40% one can conclude that the size dispersion of the nanoparticles is in the order of 12%, which is in agreement with the value given by the manufacturer being 10%.
The phase delays f of different particles are shown in Fig. 2B as a function of the modulation frequency. The phase delay increases with the modulation frequency. At low modulation frequencies the temperature profiles show a one over distance dependence from the nanoparticle where only the amplitude is modulated. Therefore, the phase delay is very small. At higher f the temperature modulation is diminished and the phase delay increases. The phase delay for very high frequencies will saturate at a finite value. A temperature profile that is constant in time with a one over distance dependence is retained. At one particular modulation frequency f the spread of f is much lower as compared to the spread of the normalized amplitude (see Fig. 2C and D) . The variance of f for all measurements is comparable to the variance in case the difference between two measurements of the same particle is taken. Therefore, we were not able to detect any heterogeneities in the sample concerning the thermal transport which is an expected result. In Fig. 2E and F the results of the numerical calculations are scaled to f and F for one measurement. The scaling factor is directly proportional to the thermal diffusivity. The numerical results fit the experimental ones in their frequency dependence very well.
At a fixed heating power we are able to see the expected proportionality between the signal amplitude F and the particle's volume. 11 This allows us to test whether the size dispersion has an influence on the phase delay by correlating f and F at modulation frequencies of 284 and 355 kHz (see Fig. 3C ). The Pearson correlation coefficients of about À0.2 indicate that both quantities are only weakly correlated (see Fig. 3C ). The scatter of the measured phase delays and thereby of the thermal diffusivities in Fig. 2D and 3A, B stem from the positioning error of the nanoparticle in the laser foci. A positioning uncertainty of the nanoparticle in the co-aligned laser foci of 30 nm perpendicular to the optical axis and 80 nm along the latter results in a change in the phase delay of 1.5 Â 10 À2 rad at f = 284 kHz corresponding to an error of 8% in the thermal diffusivity. 
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For the determination of the thermal diffusivity the measurement of the phase delay f at a single modulation frequency should in principle suffice as the phase delay is independent of the heating power and the dependence on the particle's size is negligible as compared to the statistical errors. Therefore, the thermal diffusivity is determined by comparing the experimentally determined phase delay f to the calculation. The thermal diffusivity measured using this procedure is shown in Fig. 3B . Thermal diffusivities averaged over all modulation frequencies are shown as a histogram in Fig. 3C . The average thermal diffusivity is determined with (1.3 AE 0.1) Â 10 À7 m 2 s
À1
. Thermal diffusivities as measured by photothermal microscopy agree well with macroscopic measurements performed in a laser flash apparatus (LINSEIS LFA 1000) giving (1.30 AE 0.02) Â 10 À7 m 2 s À1 . The thermal diffusivity still shows a small systematic dependence on the modulation frequency (see Fig. 3B ) likely for the reason that the aberrations are not perfectly captured by our numerical calculations.
Measurement in the liquid
So far it has been demonstrated that PT microscopy can be extended to study thermal diffusivities in solids. In solids the two co-aligned laser beams are focussed onto an immobile particle and phase delays are recorded during frequency sweeps at the position where the PT amplitude is maximal. In solution gold nanoparticles perform Brownian motion and signal bursts are recorded whenever a particle passes the detection focus (see Fig. 4A ). Therefore, gold nanoparticles (R = 30 nm in size; BBI Solutions) dissolved in water are put between two cover slips and sealed with silicon oil. The heating power is adjusted to P h = 0.42 mW leading to a temperature increase at the particle's surface of maximal 50 K. The detection power is P d = 1.7 mW. The focal volume is approximately 500 times smaller than the average volume occupied by a single particle ensuring single 
Conclusions
We have extended photothermal microscopy to measure thermal diffusivities with gold nanoparticles of a few nanometers in radius. The presented measurements can be conducted in every existing photothermal microscopy setup and employs the phase information, which is typically neglected. Our technique will enable spatially resolved thermal transport measurements for materials previously not accessible for example of plasmonic networks. 28, 29 Based on these findings we will be able to measure anisotropic thermal diffusivities as well as latent heats. Heterogeneous and so far unexplored biological materials become accessible as well but future studies have to investigate the spatial resolution of the thermal diffusivity measurement in detail. A thorough understanding of the frequency dependence of the photothermal signal has recently led to the selective detection of absorbing nanoparticles using a single laser beam. 23 The insights presented above can also contribute to a more detailed understanding of nanoscopic phase transitions. 
